The purpose of this study was to examine the physical properties of PEMA-TA/HX-based resins including 20 to 100% ethanol, for a root canal filling material. The values of the elastic modulus in the samples including ethanol were more than 250 MPa, being higher than the approximately 40 MPa of Gutte-percha (GP). The values of compressive strain in the samples increased in an ethanol concentration-dependent manner. The weight of samples including ethanol decreased gradually. In the adhesiveness test, the values of PEMA-TA/HX-based resins including ethanol were significantly higher than that of GP (p<0.01). Cohesive fractures were observed in Super-Bond SEALER in the samples including ethanol except for 20%. The results suggest that the new PEMA-TA/HX-based resin cone in combination with resin-based sealer might facilitate "monoblock obturation". The new PEMA-TA/HX-based resin cone developed in the present study may be effective root canal filling material for vertical root fractures.
Root canal obturation is defined and characterized as the three-dimensional filling of the entire root canal system as close to the cementodentinal junction as possible 1, 2) . Currently, lateral condensation methods using Gutte-percha (GP) cones in combination with a root canal sealer remain the most accepted and used obturation technique. However, several occurrences of coronal leakage have been reported due to disjunctions between the sealers and cones 3) . Following the development of adhesive technology, adhesive root canal filling materials have been developed. MMA-based resin sealers that bond to root canal dentin have been used in endodontic treatment 4) . Adhesion of the sealer to both the cone filling material and root dentin is a desirable property because the resulting "monoblock" of the dentin sealer cone might result in a good sealing ability [5] [6] [7] [8] . For this reason, plastic cones, of which the main component is polycaprolactone, have recently been used as root canal filling materials, but no definitive clinical results have yet been established 9) . These new monoblockcreating plastic cones, which afford greater resistance to microbial leakage and adequate reinforcement of teeth against root fractures, should be very useful for endodontic treatment [5] [6] [7] [8] . One of the most important properties of the ideal sealer is the biocompatibility of the root canal filling materials to the periapical connective tissue, because these materials may come into contact with the periapical tissue and cause adverse reactions.
The purpose of this study was to develop acrylic resin cones that maintain a robust adhesiveness to MMA-based resin sealers, have higher mechanical strength than GP cones, and may be easily adjusted with respect to their elastic coefficient. The present study used polyethyl methacrylate (PEMA)-methacryloxyethyl methyl succinate (TA)/1,6-hexanedial dimethacrylate (HX)-based resin, which has an elastic coefficient lower than that of PMMA and was developed as an acrylic resin for live organ transplants that can be used as a biocompatible implantable material 10, 11) . After ethanol had been added to the PEMA-TA/HX-based resin in order to decrease its elastic modulus, the elastic modulus, compressive strain, compression set, weight changes, and adhesive strength of each specimen were measured.
MaterIals and Methods

Preparation of materials
Composition of PEMA-TA/HX-based resins: PEMA-TA/ HX-based resin was prepared by mixing the following components: (1) monomer: 60% methacryloxyethyl methyl succinate (TA; Shofu, Kyoto, Japan), 40% 1,6-hexanediol dimethacrylate (HX; Shofu), 0.6% DL-camphorquinone (Shofu), and 3.0% dibutyltin dilaurylate (Shofu) and (2) polymer: polyethyl methacrylate (PEMA).
Preparation of root canal filling materials: The ratio of polymer powder to monomer liquid for the PEMA-TA/ HX-based resin was set at 3 g to 1.8 mL. Ethanol (KANTO CHEMICAL CO., INC, Tokyo, Japan) was added at various concentrations (0, 20, 40, 60, 80, and 100% volume concentrations of the ethanol with respect to the monomer, v/v) to the PEMA-TA/HX-based resin while the above components were being thoroughly mixed ( Table 1 ). The samples were referred to as E-0, E-20, E-40, E-60, E-80, and E-100, respectively.
Selected physical properties of a PEMA-based resin for possible use in a root canal filling material
Measurement of elastic modulus
The mixed materials were introduced into a die (12 mm in height and 6 mm in diameter) and polymerized by using a photo irradiator (Dentacolor, Heraeus Kulzer, Hanau, Germany) for 180 seconds, and then the specimens were kept at room temperature for 6 hours until final polymerization had occurred. Compression tests were performed with an INSTRON 4481 (INSTRON JAPAN, Kawasaki, Japan), and the elasticity modulus was calculated. The crosshead speed in the compression test was 1 mm/min, and the chart speed was 60 mm/min. The elastic modulus was calculated from the linear portion of the stress-strain curve up to the proportional limit (n=5).
Measurement of compressive strain and compression set
Each specimen was prepared as described above, and then kept for 6 hours at room temperature. The compressive strain and compression set were measured with a constant load distortion examination machine (SEIKI Co., Ltd, Osaka, Japan)
These tests were performed according to the following time schedule: 1) Specimen placed on the table of the constant load distortion examination machine and subjected to a plunger load of 120 g (start time); 2) After 30 seconds from start time: the dial indicator read and the value recorded as reading "A"; 3) After 60 seconds from start time: the load to the plunger increased (by 1,200 g) within 10 seconds; 4) After 90 seconds: the dial indicator read and the value recorded as reading "B" and, at the same time, the load on the plunger decreased (by 1,200 g); 5) After 150 seconds from start time: the dial indicator read and the value recorded as reading "C" ( Serial measurement of weight changes As described above, we prepared dies that were 6 mm in diameter and 12 mm in height for the E-0, E-20, E-40, E-60, E-80, and E-100 samples. After partial polymerization of the resins for 180 seconds by using a xenon lamp irradiator, they were completely polymerized in an atmosphere of 62% humidity at 23°C for 6 hours and then defined as a sample. The samples were each placed into a small bottle and kept in a temperaturecontrolled bath (37°C) in a patulous state. Using a pan electrical balance CP225D (Sartorius AG, Goettingen, Germany), we measured the respective weights of each sample every 24 hours for 40 days and then calculated their changes.
Measurement of adhesiveness by use of the tensile test
A die (10×10×12 mm cubic shape) was filled with the mixed slurry, which was then polymerized; and its surface was subsequently polished with 1200 abrasive paper. The specimens were secured to a stainless bar with a screw. GP specimens were prepared to have the same size for use as the control. A gap (0.5 mm) was made between 2 specimens. Then, Super-Bond SEALER (SUN MEDICAL, Tokyo, Japan) was poured into the gap and allowed to polymerize for 3 hours (Fig. 2) . The tensile test was performed by using an INSTRON 4481 under the condition of a crosshead speed of 1 mm/min and a chuck distance of 40 mm; and the adhesive strength was measured. The maximum stress at the point of fracture was defined as the adhesive strength. For observation of the fracture surface, a photograph of the surface of the Specimen Powder (g) Liquid Monomer (mL) Ethanol (mL) Total (mL) Table 1 Powder/Liquid/Ethanol ratio of each specimen Ethanol was added at various concentrations (0, 20, 40, 60, 80 and 100% of the monomer, v/v) into the PEMA-TA/HX-based resin while the above components were being mixed together. specimen after the tensile test was taken with a digital camera (Panasonic DMC-LX2, Osaka, Japan).
Statistical analysis
All measurements were made on 5 samples for each specimen. Data were expressed as the mean±standard deviation of the mean (SD). Statistical analysis for elastic modulus, compressive strain, and compression set was performed by using the Bonferroni method; and that for adhesiveness, by using the t test.
results
Measurement of elastic modulus
The elastic coefficient was lowered in an ethanol concentration-dependent manner. The coefficient values for E-40 samples and above at 40 days were significantly higher than those at the first day (p<0.05). Their values were more than 250 MPa, which were higher than the approximately 40 MPa for GP (p<0.01, Fig. 3 ).
Measurement of compressive strain and compression set 1. Compressive strain
The values of the compressive strain increased with an increase in the concentration of ethanol. There was no significant difference between the values of E-0 and E-20, but there were significant differences between E-20 and E-40, E-40 and E-60, E-60 and E-80, and E-80 and E-100 (p<0.01, Fig. 4 ).
Compression set
The values for the compression set also increased in an ethanol concentration-dependent manner. The values were no significantly different between E-0 and E-20, E-40 and E-60 or E-80 and E-100, but were significantly different between E-20 and E-40 and between E-60 and E-80 (p<0.01, Fig. 5 ).
Serial measurement of weight changes
The weight of samples in which ethanol had been added decreased gradually throughout the entire experimental period (Fig. 6) .
Measurement of adhesiveness via the tensile test and observation of interface after the test
In the adhesiveness test based on the tensile test, the values for PEMA-TA/HX-based resins were significantly higher than that value for GP at all times examined (p<0.01). In the group of samples in which ethanol had been added or not, the values of the adhesiveness were significantly lower compared to that of control one at 0 and 40 days (p<0.01, Fig. 7 ). When the GP/Super-Bond SEALER interface was examined after the adhesive test at 40 days, fractures were observed at this interface. Partial cohesive fractures were observed at the interface of E-0 and E-20 samples. Fractures were observed in the Super-Bond SEALER in E-40, E-60, E-80, and E-100 samples (Fig. 8) .
dIscussIon
In recent years, the lateral condensation method has become the primary method used for root canal filling. As GP used in the lateral condensation method does not have adhesiveness with respect to the root canal wall, a sealer is needed to fill in the discrepancies of the fit between the filling material and the dentin walls. Recent advances in adhesive technology have led to the development of MMA-based resin sealers with adhesiveness to the root canal wall. However, it has been reported that these resin sealers do not adhere to GP [12] [13] [14] ; and, moreover, if GP is used as a core material, the mechanical strength may not be sufficient in the case of a fractured root canal or when a root canal wall has become thin. Consequently, to compensate for the weaknesses of GP, a root canal filling material (Resilon) using polycaprolactone as a main component has been developed [15] [16] [17] . However, according to Tay et al., it is impossible to completely seal the root canal even if this material is used 18, 19) . It is currently difficult to obtain The values for the compression set were significantly different between E-20 and E-40, E-40 and E-60, E-60 and E-80, and E-80 and E-100 (p<0.01).
Fig. 7
Adhesive strength. The values of the adhesive strength of the PEMA-TA/HX-based materials were significantly higher than that value for GP throughout the entire experimental period.
excipiency, which is a required property for root canal filling materials, those can be adjusted to match individual root canal. A new root canal filling cone that adheres to a resin-based sealer was developed to resolve these problems in the present study. PEMA-TA/ HX-based resins as the main component resin were used. The PEMA-TA/HX-based resins have a lower heat of polymerization than MMA-based resins, have low levels of residual monomers and appear to have good tissue compatibility [5] [6] [7] [8] . Their elastic coefficient is also approximately 1,500 MPa, which is comparatively lower than that of MMA-based resins. In addition, the elastic coefficient of the PEMA-TA/HX-based resins can be adjusted to approach the targeted physical value by adding certain materials. Ethanol, which is frequently used as a fabric conditioner and antiseptic for dental materials, was used as an additive material in the present study. The values of the elastic coefficient for E-40, E-60, E-80, and E-100 samples at 40 days were significantly higher than those at the first day (p<0.01). These values were greater than 250 MPa, thus being much higher than the approximately 40 MPa for GP (p<0.01). The results suggest that the materials used in the present study had sufficient elasticity for reaching the root apex of the curved root canal and indicate the possibility that the materials maintained higher mechanical strength than GP after the root canal filling.
Although the values of the adhesiveness between Super-Bond SEALER and E-20, E-40, E-60, E-80 or E-100 samples at the first day or 40 days were lower than the value for the E-0 sample (without ethanol), the values of the adhesiveness in all samples including ethanol at 40 days were higher at 40 days than at 0 day. In the observation of the interface between sample and Super-Bond SEALER, cohesive fractures were observed in the Super-Bond SEALER in E-40, E-60, E-80, and E-100 samples at 40 days. The results suggest that the new developed PEMA-TA/HX-based resin including ethanol have better sealing ability in the root canal space than GP. The physical properties of the new PEMA-TA/ HX-based resin are superior to those of GP. The seal between the new PEMA-TA/HX-based resin and resin-based sealer seems to be satisfactory for resistance to leakage.
In clinical endodontics, many vertical root fractures may occur, thus requiring tooth extraction. When a root fracture is revealed in a root of a tooth, a root canal filling material is required that creates a "monoblock" that possesses resistance to microbial leakage and adequately reinforces the tooth against further root fracture.
Our present results suggest that the new PEMA-TA/ HX-based resin cone in combination with resin-based sealer might create a "monoblock obturation". Thus the new PEMA-TA/HX-based resin cone developed in the present study may be an effective root canal filling material for cases of vertical root fracture. However, it would be worthwhile to perform in vivo studies such as examining the cytotoxicity of materials containing PEMA-TA/HX-based resin, biocompatibility and other factors in the future.
conclusIon
The purpose of this study was to develop acrylic resin cones that maintain a robust adhesiveness to MMA-based resin sealers. The newly developed root canal filling materials containing PEMA-TA/HX-based resin were deemed suitable for clinical use as a root canal filling material according to the physical properties obtained in this experiment. 
